BACKGROUND & AIMS-Helicobacter pylori infection is a risk factor for gastric cancer. Ammonia/ammonium (A/A) is a cytotoxin generated by H pylori that kills gastric epithelial cells. We investigated whether A/A cytotoxicity occurs by activating N-methyl D-aspartate (NMDA)
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BACKGROUND & AIMS
Infection with HP occurs in 50% of the world's population and is a major risk factor for gastric cancer development. Gastric cancer is 5.5% of the global cancer burden and is the 2 nd most common cause of cancer deaths worldwide 1, 2 . HP express a number of virulence factors including members of the cag pathogenicity island, vacA producing vacuolating cytotoxin, lipopolysaccharide, and A/A which individually or together are thought to facilitate cancer development. The ure genes of HP are required for expression of urease, which facilitates the production of A/A from urea in the gastric juice 3 . HP also express enzymes that hydrolyze asparagine and glutamine, further increasing A/A production 4, 5 . A/ A production is essential for HP colonization and persistence of infection 6 , but is cytotoxic to gastric epithelial cells.
The concentration of A/A in gastric juice is normally 0.5-0.7 mM but can increase to more than 20 mM in patients infected with HP 7, 8 . When cultured human gastric cells are incubated with urease positive HP and urea, about 20 mM A/A is generated in 2 hr and 40 mM in 24 hr and the viability of cells is reduced as the A/A concentration increases 9 . In vivo 10, 11 and in vitro [12] [13] [14] studies confirmed that A/A, per se, also reduces the viability of gastric epithelial cells. Two hypotheses have been suggested to explain the effects of A/A on gastric epithelial cells. First, A/A generated by urease in the presence of urea rapidly increases intracellular pH, which elicits an associated brief spike of intracellular Ca 2+ that was shown to be derived from intracellular stores 15 . The lipid solubility of ammonia allows it to enter cells, resulting in an increase in intracellular pH 16 . Alternatively, it was suggested that A/A accelerates the conversion of glutamine to glutamate by glutamine synthetase, which depletes cells of ATP and reduces cell viability 17 . It is not fully understood why the viability of many cancer-derived epithelial cells is not affected by A/A when compared to non-transformed cells incubated with the same dose and time [18] [19] [20] . Thus, we asked whether specific mechanisms exist to render non-transformed epithelial cells susceptible to ammonia cytotoxicity that are modified in gastric cancer.
NMDA channels in neurons are heterotetramers consisting of NR1 and NR2 (2A-2D) subunits, which serve as glutamate-gated ion channels that transport Ca 2+ 21, 22 . A/A is thought to activate NMDA channels in neurons by depolarizing the cell membrane, which increases NMDA channel-mediated Ca 2+ permeation in the absence of receptor agonists, like glutamate and glycine 23 . Neuronal cell death occurs when A/A is in high concentration because Ca 2+ permeation through NMDA channels occurs at non-physiological rates 23 . Because gastric cells are exposed to high A/A concentrations in HP infection, our aim was to determine if A/A-induced NMDA channel activation regulates Ca 2+ permeation and epithelial cell death in gastric cells that can be blocked by NMDA channel antagonists. NMDA channel subunits are transcriptionally down-regulated in gastric cancer and in many gastric cancer cell lines 24 , suggesting that transformed cells would be less responsive to A/ A while it rapidly kills non-transformed cells in a dose-dependent manner. This work may thus provide important insights into how HP-infection affects apoptosis rates to support cancer development in vivo.
MATERIALS AND METHODS
Cell Culture, Transfection, and Incubation with HP RGM1 cells were cultured and experiments were performed in STD buffer as described previously 13 . MKN28 cells were cultured and then incubated with the cag+toxigenic HP strain 60190 or its isogenic ureB mutant as described by Wroblewski et al 19 . Cultured cells were plated on 35 mm culture dishes with an affixed cover glass (Matteck, Ashland, MA) for live cell microscopy studies.
MKN28 cells were transfected with a control or NMDAR2B-pDP3 expression plasmid (kindly provided by Dr. John J. Woodward, Medical University of South Carolina) with FuGENE 6 as described by Liu et al 24 . Transfection efficiency was 53.9 ± 0.3% (n=3). Cells were used 2 days after transfection. Experiments with MKN28 cells and HP were done for 48 hr in RPMI media without antibiotics but containing 10% serum.
Live-Cell Microscopy
Studies in living cells were done using a ZEISS LSM510 META laser scanning confocal system outfitted with a Life Imaging Services Cube and Box incubator chamber and O 2 and CO 2 control using specific probes. The details of the laser configurations, probes, and postacquisition image processing are reported in Supplementary Materials and Methods.
Western Blots
After experiments, Western blots of RGM1 cells were prepared as described previously 25 . Filters were incubated with anti-NR2B (Alomone Labs, Jerusalem, Israel), anti-BAX (BD Pharmingen, San Jose, CA), or anti-BAK (Santa Cruz, Santa Cruz, CA). The filter was stripped and re-probed with a β-actin antibody (Sigma-Aldrich). The resulting bands were quantified using ImageJ with the β-actin band used to normalize loading.
Immunohistochemistry
RGM 1 cells were fixed in 4% formaldehyde and then stained with anti-cytochrome c oxidase subunit 1 (Invitrogen) or with anti-NR2B antibody (Abcam, Cambridge,MA) and the resulting images were quantified as reported in Supplementary Materials and Methods.
Paraffin sections from control or HP-infected mice were stained using an anti-NR2B antibody (Abcam). For co-localization studies, anti-intrinsic factor (a kind gift from Dr. David Alpers, Washington University, St. Louis, MO) staining was done to localize chief cells and Dolicho biflorus agglutinin (Invitrogen) was used to localize parietal cells.
Archived tissues were used at 6, 12, or 20 wkPI from C57BL/6 mice (female) infected with HP as described previously 2526 .
Cell Viability
The viability of RGM 1 cells was evaluated by a colorimetric assay using crystal violet as described previously 13 .
ATP and Proteases
ATP was measured with the CellTiter-Glo kit (Promega, Madison, WI) in cells incubated for 120 min with 20 mM NH 4 Cl at pH 7.4 with or without inhibitors. Calpain and cathepsin B activation was measured in cells at 0, 10, 30, 60 and 120 min after the addition of 20 mM NH 4 Cl at pH 7.4 with or without E64d (10 µM-Biomol, Plymouth Meeting, PA), a calpain and cathepsin B inhibitor, using specific kits (Invitrogen).
Statistics
Results are expressed as mean ± SEM and were analyzed using SigmaStat software (SPSS, Inc., Chicago, IL). Data with a single treatment were analyzed by one-way ANOVA. Data to compare differences in multiple treatments over time were analyzed by 2-way ANOVA. The Student-Neuman-Keuls post-hoc test was used to determine differences between means. If variances were not normally distributed, the analysis was done on ranks.
RESULTS
NMDA Channel Activation occurs after Exposure to NH 4 Cl or HP-generated AA to Induce Ca 2+ -Permeation in Gastric Epithelial Cells
Immediately after the addition of A/A to RGM 1 cells, there was a weak and diffuse fluo-3 fluorescence signal in the cytoplasm that peaked and then decreased to control levels by 10 min ( Figure 1A ). The fluo-3 signal was also detected in a vacuolar compartment that expanded significantly (P < 0.001) in size (perimeter of 3.56 ± 0.73 µm at 0.5 min to 6.67 ± 0.73 µm at 120 min, n=7), and intensity ( Figure 1A and B) over time. The sum of fluo-3 signal in vacuoles increased from 10-120 min in the presence of A/A alone ( Figure 1B ), but could be amplified significantly in the presence of forskolin, which increases cAMP ( Figure  1B ). Likewise, fluo-3 signal in vacuoles with A/A exposure (no forskolin) was attenuated to near control levels when cAMP was blocked with SQ 22536 ( Figure 1B ).
MK-801, a selective and high affinity NMDA receptor antagonist, has been used extensively to block NMDA channel activation in vitro and in vivo in animal models 24, [27] [28] [29] . We thus used MK-801 to show that the intracellular Ca 2+ signal with A/A exposure was due to extracellular Ca 2+ permeation through NMDA channels. When cells were exposed to A/A in the presence of MK-801, the initial diffuse calcium signal and the bright fluorescence in vacuoles was significantly attenuated ( Figure 1C ). Likewise, the NMDA channel antagonist memantine and the highly specific NR2B subunit antagonist ifenprodil blocked the initial cytoplasmic signal (not shown) and bright fluorescence in vacuoles ( Figure 1C ). The NR2B receptor subunit of NMDA channels is found in both cytoplasmic and membrane-associated compartments in RGM 1 cells, as shown in Western blots ( Figure 1D ). The molecular weight of NR2B in brain is about 166 kDa and we see a strong band at that molecular weight in RGM 1 cells ( Figure 1D ). Immunostaining of non-permeabilized RGM1 cells showed that NR2B subunits are expressed in the apical cell cytoplasm and are localized to the apical, rather than basolateral surface (Supplementary Figure 1) .
To determine if HP infection also results in AA-induced Ca 2+ permeation through NMDA channels, we used human MKN28 gastric cancer epithelial cells incubated with wild-type HP strain 60190 or its isogenic ureB− mutant. Because MKN28 cells transcriptionally down-regulate NR2B but express all other NMDA receptor subunits 30 , we transfected cells with an NR2B expression plasmid that significantly increased NR2B protein expression ( Figure 1E ). When NR2B-cells were incubated with wild-type HP (ureB+), there was virtually no fluo-3 signal ( Figure 1F ). In contrast, NR2B+ cells incubated with wild-type HP (ureB+) showed significant fluo-3 fluorescence in an intracellular compartment ( Figure 1F ), identical to the results with AA alone. Additionally, these cells also showed a significant increase in NR2B protein expression ( Figure 1E ). Results with NR2B+ cells incubated with the HP ureB− mutant showed a significant attenuation of Ca 2+ permeation through NMDA channels ( Figure 1F ). This mutant also blocked the plasmid-induced expression of NR2B ( Figure 1E ).
NMDA Channel Activation Reduces Cell Viability During A/A Exposure
Ca 2+ permeation into vacuoles increased dose-dependently from 3-30 mM NH 4 Cl but this rise in Ca 2+ had no effect on cell viability at 120 min (Figure 2A ). Long-term (24 hr), however, A/A dose-dependently reduced cell viability in RGM1 cells ( Figure 2B ) as did A/ A produced in 48 hr from urea in the presence of wild-type HP but not ureB− mutant HP in NR2B+ MKN28 cells ( Figure 2B ). This reduction in cell viability with up to 20 mM NH 4 Cl was could be reversed with the NMDA channel antagonists MK-801 or ifenprodil ( Figure  2B ), or significantly improved with memantine (not shown). Because A/A reduces cell viability by activating apoptosis in RGM 1 cells 13 , and BAX and BAK are the pro-apoptotic effectors in gastric surface and pit/neck cells 25 , we tested whether A/A-induced NMDAR activation transcriptionally regulates BAX and BAK expression in the presence of A/A ( Figure 2C ). While BAX and BAK expression increased more than 6-fold with A/A exposure, this expression was attenuated to control levels or below by buffering intracellular Ca 2+ with BAPTA-AM or by inhibiting NMDA receptor activation with MK-801 or ifenprodil ( Figure 2C ). 
A/A-induced Cytoplasmic "Vacuoles" are Dilatations of the ER Containing Ca 2+
To determine if Ca 2+ is taken-up by mitochondria or another intracellular compartment, we used live cell microscopy with RGM 1 cells that were incubated with fluo-3 in the presence of both ER-Tracker and MitoTracker. After the addition of A/A, the ER compartment was vesicular and in merged images from cells treated with A/A, there was co-localization of fluo-3 with ER but not mitochondria ( Figure 4A ). The incidence of co-localization of ERTracker and fluo-3 during A/A exposure was 78.53 ± 1.34% (n=3), with the remaining fluo-3 signal in small vacuoles that were not ER or mitochondria ( Figure 4A ). Stimulating NMDA channel activation with NMDA and glycine also resulted in fluo-3 accumulation in ER-derived vacuoles that was blocked completely with ifenprodil ( Supplementary Figure 2) .
Because Ca 2+ was sequestered to the ER, it is possible that damage to mitochondria occurs by the release of ER Ca 2+ to mitochondria in the presence of A/A by IP 3 receptor activation 31 . To test this idea, we pre-incubated RGM 1 cells with the IP 3 receptor antagonist 2-APB, incubated cells with A/A in the continued presence of 2-APB, and then measured the mitochondrial membrane potential using Rh 123 in live cells ( Figure 4B) . The results showed that in contrast to A/A alone ( Figure 3A ), 2-APB significantly improved the A/A-induced decrement in mitochondrial membrane potential ( Figure 4B ), reduction in ATP ( Figure 4C ), cell viability ( Figure 4D ), and mitochondrial outer membrane damage evaluated by COX immunolabeling ( Figure 4E) .
A/A-induced NMDA Channel Activation Increases Ca 2+ -Activated Proteases
Because the initial intracellular calcium concentration increased significantly after A/A exposure, we examined the role of Ca 2+ -activated protease on mitochondrial damage and cell viability ( Figure 5 ). Calpain is linked to neurotoxic NMDA receptor activation 32 33 . Immediately after the addition of A/A to cells, both calpain and cathepsin B were activated ( Figure 5A ). To test whether the level of calpain and cathepsin B activation as sufficient to affect mitochondrial function, we measured mitochondrial membrane potential using Rh 123 with A/A in the presence of E64d, a calpain and cathepsin B inhibitor that effectively reduced the activity of both enzymes to control levels in the presence of A/A ( Figure 5B ). With E64d, mitochondrial membrane potential improved significantly (compare Figures 5C and 3A) . Intracellular ATP (Figure 5D ), cell viability ( Figure 5E ), and mitochondrial permeability to anti-COX ( Figure 5F ) also improved significantly by blocking calpain and cathepsin B activity with E64d.
NMDA Receptor Expression is Altered in H. pylori Infection in vivo
In the in vivo mouse stomach, NR2B receptor subunits of NMDA channels are highly expressed in gastric parietal cells and are moderately expressed in surface and chief cells ( Figure 6A and E) . While the expression of NR2B was present at 6 ( Figure 6B and E) and 12 ( Figure 6E ) weeks post infection (wkPI) in surface cells most terminally differentiated at the luminal surface, its expression increased significantly at 20 wkPI and was localized along the surface and the length of gastric pits ( Figure 6C and E). The same expression pattern was found in the antrum (Supplementary Figure 3) . Parietal cells were present in gastric glands at 6 wkPI ( Figure 6B , specifically identified in the DBA panel) but NR2B was only minimally expressed in these cells ( Figure 6B and E). Instead, NR2B was highly expressed at the base of gastric glands in IF-positive chief cells ( Figure 6B and E). At 12
(not shown) and 20 wkPI, gastric glands from HP-infected mice with metaplastic cells, which are epithelial precursor cells for gastric cancer 34 , showed little to no NR2B expression ( Figure 6C ). The immunolocalization of NR2B in gastric tissue sections was specific, as shown by using the NR2B peptide to inhibit (block) antibody binding ( Figure  6D ).
DISCUSSION
This study shows, for the first time, that brain-specific NMDA channels are responsible for the cytotoxic effects of A/A on gastric epithelial cells. NMDA channel activity in brain has long been known to transport Ca 2+ with transport rates dependent on cAMP and PKA 22 . Furthermore, it is well-established that excessive A/A exposure in brain activates NMDA channel activity resulting in neurotoxicity 23, 29, 35 . Our results in gastric RGM1 cells in vitro are consistent with these observations. We demonstrate that NMDA channel activation by AA, in particular NMDA channels with NR2B-containing subunits, rapidly increases intracellular Ca 2+ in a cAMP-dependent manner, which is taken-up into the ER and transferred to mitochondria. This large pool of ER Ca 2+ and its IP 3 -dependent transfer to mitochondria results in outer mitochondrial membrane damage and ATP depletion, thus reducing epithelial cell viability in the presence of A/A. Additionally, we showed that Ca 2+ transcriptionally regulates the expression of cell death effectors and that Ca 2+ -activated calpain and cathepsin B participate in the cytotoxic effects of A/A. Overall, our results provide strong new evidence that A/A cytotoxicity in gastric epithelial cells has a distinct, channel-mediated mechanism that can be blocked with channel inhibitors and, in the continued presence of high levels of A/A, inhibition of NMDA channel activity protects gastric epithelial cells from A/A-induced cell death. Our results also suggest that the majority of "vacuoles" demonstrated in cells incubated with A/A are dilatations of the ER and not Golgi-derived vacuolar compartments. These novel results provide a new context with which to view the role of A/A in HP infection in vivo, and may provide important new insights into HP-induced gastric cancer development.
Apical surface expression of NMDA channels, which we showed to occur in surface epithelial cells from the antrum and corpus in vivo and in RGM 1 cells in vitro, would allow direct access of gastric juice A/A to NMDA channels in these cells. Because we show that wild-type HP expressing ureB significantly increases the expression of NR2B subunits in vitro and in vivo, it is likely that NMDA channel activation in HP infection is greater than in normal mucosa. This result suggests that apoptosis in non-transformed gastric surface cells, which is driven by Ca 2+ -induced mitochondrial dysfunction, may be related directly to the amount of A/A liberated by HP. Additionally, surface expression of NMDA channels in gastric cells may constitutively facilitate the ability of dietary amino acids like glycine and glutamate, which are the NR1 and NR2 channel agonists, respectively, to have a direct effect on the rate of Ca 2+ -influx and thus on cell function and viability. NMDA channel activation by glutamate may also contribute to apoptosis rates in HP infection, since gastric juice glutamate levels are increased more than 2-fold in patients with gastritis and nearly 10-fold in HP-infected patients with early gastric cancer 36 .
Although A/A-induced Ca 2+ -influx kills gastric epithelial cells in culture, it could be argued that NMDA channel activation early in HP infection serves a protective function in vivo by increasing the rate of cell turnover by apoptosis. In primary tumors from patients with gastric cancer, the NR2B subunit of NMDA channels is not expressed due, in part, to promoter methylation 24 . Determined in a large, pharmacological unmasking and microarray analysis study, methylation of NR2B was a specific event in gastric cancer, with the highest methylation status in diffuse and intestinal-type gastric cancers 24 . Additionally, NR2B methylation in normal adjacent tissues was suggested to be an important risk factor and molecular marker for tumor formation 24 , suggesting that NR2B normally functions as a tumor suppressor. NR2B promoter methylation, resulting in the significant attenuation of NR2B mRNA expression, also occurs in gastric cancer cell lines 24, 30 , which we demonstrated in this study to block NR2B protein expression and NMDA receptor-mediated Ca 2+ permeation in MKN28 cells. We additionally demonstrate in RGM1 cells and in MKN28 cells with induced NR2B expression, that the effects of A/A are directly related to NMDA channels with NR2B subunit expression. Although it is not known what function NMDA channels provide normally in epithelial cells, studies by others in gastric cancer cells suggest that promoter methylation and down-regulation of the NR2B subunit, in particular, limits apoptosis and cell renewal to enhance cancer progression 24 . The reduction in apoptosis that fosters bacterial persistence later in infection 37 may parallel the timing of NR2B promoter methylation in gastric cells. This interesting possibility should be examined further.
How A/A facilitates NMDA receptor activation is largely unknown, although is thought to occur by an A/A-induced depolarization of cell membrane potential, which also occurs with high K + 23, 38 . In cultured brain cells, 5 mM NH 4 Cl immediately decreased resting membrane potential from −96.2 to −89.1 mV, and 10 and 20 mM NH 4 Cl further reduce resting membrane potential to −66.3 and −50.4 mV, respectively 39 . This A/A-induced depolarization of membrane potential is thought to release the Mg 2+ block that normally inhibits channel activity so that Ca 2+ is able to enter cells 23 . This may explain why the sum of fluo-3 and the size of fluo-3 containing vacuoles with A/A exposure in our study were dependent on the A/A concentration. Additionally, A/A was recently shown to dosedependently increase cAMP-PKA levels in cells 40 and Skeberdis et al 22 reported that cAMP-PKA is required to gate NMDA channels in brain. As such, the rate of NMDAmediated Ca 2+ permeation with A/A exposure may also depend on the level of intracellular cAMP-PKA that is generated. Our results in gastric cells are consistent with this idea as we showed that A/A-induced Ca 2+ permeation is inhibited by cAMP inhibitors and that increasing cAMP with forskolin significantly increased Ca 2+ permeation in the presence of A/A.
Cell signaling pathways involving A/A-induced cAMP-PKA may additionally function in regulating the membrane expression of receptors, thus influencing the rate of Ca 2+ permeation. We show here that NR2B is localized to the cell membrane but in Western blots and in our immunostained images in vitro and in vivo it is clear that cytoplasmic localization of NR2B is also present. When the NR2A and NR2B subunits of NMDA receptors were transfected into HeLa cells either as heterotetramers or homotetramers, NR2B subunits were associated with Rab11-containing recycling endosomes that were cytoplasmic and played a dominant role in receptor trafficking to and from the membrane 41 . Roma et al 42 recently showed that both Ca 2+ and cAMP are required to move cytoplasmic recycling endosomes to the surface, suggesting that cAMP generated by A/A may play a role not only in channel gating but in regulating the expression of receptors at the apical surface.
In conclusion, gastric epithelial cells express NMDA channels that, in gastric RGM1 cells, regulate Ca 2+ -influx and cell viability in the presence of A/A. Ca 2+ permeation also occurs in a urease-dependent manner in HP-infected MKN28 cancer cells that express active NMDA channels. NMDA channels may play an important pro-apoptotic function in gastric surface epithelial cells, and may prove to be important overall in HP-induced gastric cancer progression by regulating the rate of epithelial cell survival and death.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. experiments per condition; *P < 0.05, ** P < 0.01, *** P < 0.001, ND, not different; comparisons as indicated by brackets. A/A-induced NMDA-mediated Ca 2+ localizes to ER and is transferred to mitochondria, causing mitochondrial damage and cell death. (A) Untreated (live) RGM1 cells (Contr) or cells treated with A/A (NH 4 Cl) were incubated simultaneously with Fluo-3 (green), ERTracker (blue), and MitoTracker (red) and the merged images (turquoise) were used to examine the co-localization of fluo-3 with the ER or mitochondria. 2-APB, was used to block the transfer of Ca 2+ from ER to mitochondria and the resulting effect this had on (B) mitochondrial membrane potential with Rh 123, (C) ATP production, (D) cell viability, and (E) mitochondrial membrane damage by staining with anti-COX (green). n ≥ 3; * P < 0.05 and *** P < 0.001; comparisons as indicated by brackets; † † † P < 0.001 compared to A/A alone in Fig. 3A ; ‡ ‡ ‡ P < 0.001 compared to A/A in Fig. 3C ; scale bars, 20 µm. NMDA-induced Ca 2+ permeation activates proteases that contribute to mitochondrial dysfunction during A/A exposure. (A) Calpain and cathespin B activity in control (Contr) cells or at 10-120 min after exposure to 20 NH 4 Cl. n = 3 experiments per time point; * P < 0.05 and *** P < 0.001 compared to control, † † † P < 0.001 compared to 10 min. (B) Blockade of calpain and cathepsin B with E64d. n=3; * P < 0.05, *** P < 0.001, comparisons as indicated by brackets. Effects of E64D on (C) mitochondrial membrane potential, (D) intracellular levels of ATP, (E) cell viability, and (F) damage to the inner mitochondrial membrane evaluated by staining with anti-COX (green) and DAPI to stain nuclei (blue). n ≥ 3 experiments per condition; * P < 0.05, *** P < 0.001; comparisons as NMDA channel subunit NR2B expression in surface, parietal, and chief cells is transcriptionally regulated in HP-infected tissues. Paraffin-embedded tissues from (A) sham-(Contr-20 wkPI) or (B) 6 and (C) 20 wkPI HP-infected mice were stained for the NR2B subunit (red) of NMDA channels, intrinsic factor (IF) to localize chief cells (green), dolichos biflorus agglutinin (DBA) to localize parietal cells (turquoise), and DAPI to identify nuclei (blue). In B-Merge, co-localization of IF and NR2B is yellow (arrows). (D) A serial section from the tissue in B (6 wkPI HP-infected) was incubated with a 100-fold excess of NR2B peptide to identify non-specific staining. In B and C, serial sections were also H&E stained and included for orientation. (E) Quantification of the sum of fluorescence pixels in tissues
